INTRODUCTION
Long-chain fatty acids can serve as the major energy source for skeletal muscle metabolism during prolonged exercise (1) (2) (3) (4) (5) . The relative amounts of fat and of carbohydratae utilized during a bout of exercise depend in part on the individual's level of physical training. Men and animals that have adapted to regularly performed endurance exercise, such as long-distance running, derive more of their energy from fatty acid oxidation and less from carbohydrate catabolism than do their untrained counterparts during exercise of submaximal intensity (1, (6) (7) (8) . This difference viewed in the context of studies demonstrating that muscle mitochondria can undergo major adaptive changes in response to exercise (9) (10) (11) (12) suggested the possibility that physical training might induce an increase in the capacity of skeletal muscle to oxidize fatty acids. Evidence that such an adaptation does occur was obtained in a preliminary study (13) in which it was found that homogenates of leg muscles from chronically exercised rats released '4CO2 from palmitate-l-"C at a significantly increased rate. This observation was confirmed in the present detailed study in which it was further found that the levels of activity per gram wet weight of muscle of carnitine palmityltransferase (palmityl CoA-carnitine palmityltransferase, EC 2.3.1.-), palmityl CoA dehydrogenase (fatty acyl CoA: FAD oxidoreductase, EC 1.3.2.2) and mitochondrial ATP-dependent palmityl CoA synthetase (palmitic acid: CoA ligase [AMP], EC 6.2.1.3) doubled in leg muscles of rats subjected to a program of running. The capacity of gastrocnemius and quadriceps muscles to oxidize oleate, linoleate, palmityl CoA, and palmityl carnitine also increased twofold in response to the exercise.
METHODS
Animal care and exercise program. Male rats of a Wistar strain (specific pathogen-free CFN rats) weighing 100 g were obtained from Carworth Laboratory Animals, New City, N. Y., kept in individual cages, and fed Purina chow and water. They were divided into an exercising and two sedentary groups. The exercising animals were trained by means of a program of treadmill running as previously described (9, 10) . After 12 wk, the exercisers were running continuously for 2 hr day, 5 days/wk, up an 8°incline at 31 m/min, with twelve 1 min intervals of running at 42 m/min interspersed through the work period. They were maintained at this work level until they were sacrificed. This exercise program has been found to result in a large increase in capacity for prolonged running and does not result in muscle hypertrophy (9, 14) .
Sedentary control rats were divided into a paired weight group in which food intake was adjusted so as to maintain their body weights the same as those of the exercising animals, and a freely eating group which was provided with food ad lib. These animals were not subjected to treadmill running.
Tissue preparation. Animals were killed approximately 66 hr after their last exercise session. They were anesthetized with ether, decapitated, and thoroughly exsanguinated. Gastrocnemius and quadriceps muscles were dissected out and chopped into a fine mince which was thoroughly mixed. A portion of the mixed muscle mince was homogenized in 0.175 M KCl, containing 0.1 mm EDTA, using a glass Potter-Elvehjem homogenizer immersed in ice water. After gross breaking up of the muscle, homogenization was completed with two complete passes of the tube. The homogenate contained 1 g of muscle per 10 ml. The remainder of the muscle mince was used for measurement of cytochrome c concentration.
Mitochondria were prepared by first centrifuging a portion of the homogenate for 15 min at 700 g; the 700 g supernatant fluid was decanted and centrifuged again at 700 g for 15 min. The second 700 9 supernatant fluid was then centrifuged for 15 min at 8000 g. The resulting mitochondrial pellet was suspended in 250 mm sucrose, containing 2 mm EDTA, pH 7.4.
Reagents. Palmitic-1-"C acid, oleic-1-"C acid, uniformly labeled palmitic-"C acid, and palmityl-1-"C-CoA were obtained from New England Nuclear Corp., Boston, Mass.
Bovine serum albumin, Fraction V, "essentially fatty acidfree," was obtained from Sigma Chemical Co., St. Louis, Mo., and extracted according to the method of Goodman (15) to further decrease fatty acid content. This preparation is subsequently referred to as "fatty acid-free" albumin. The molecular weight of albumin was taken to be 66,000 (16) .
CoA, cytochrome c (type II), hexokinase, ADP, ATP, and palmitic acid were obtained from Sigma Chemical Co. L-Carnitine, palmityl CoA, and oleic acid were purchased from Nutritional Biocbhemicals Corporation, Cleveland, Ohio.
L-Palmityl carnitine was a generous gift from Dr. Rubin Bressler, Duke University Medical Center.
The fatty acids were dissolved in ethanol (17) . After addition of the alcoholic solutions of the free fatty acids, the final concentration of ethanol was 1% in the reaction media used for studies of fatty acid oxidation (17) .
Assay methods. Mitochondrial 02 uptake was measured in a Gilson differential respirometer (Gilson Medical Electronics, Inc., Middleton, Wis.) at 300C with air as the gas phase. In those experiments in which P: 0 ratios were not determined, each flask contained, in a final volume of 2 ml: 5 mM MgCl2, 20 (9) .
The capacity of whole homogenates of muscle to oxidize "C-labeled fatty acids was assessed by measuring the rate of "CO2 production. The reaction mixture contained, in a final volume of 2 ml: 5 mm MgC12, 87.5 mm KCl, 40 mM potassium phosphate buffer, 2 mm EDTA, 2 mm ADP, 10 mM Tris-Cl, 0.078 mm cytochrome c, 0.15 mm fatty acidfree albumin, and homogenate equivalent to 100 mg of muscle. The concentrations of "C-labeled substrate and of CoA and carnitine are indicated for each experiment. Reaction mixtures were placed in 25-ml flasks fitted with serum caps and hanging center wells, in a shaking Dubnoff incubator at 30°C. The "CO2 produced was trapped in 0.4 ml of Hyamine hydroxide, placed in the center well, as described by Jones and Blecher (18) . Radioactive Hyamine carbonates were transferred to vials containing 5 ml of Insta-Gel (Packard Instrument Co., Inc., Downers Grove, Ill.) scintillator fluid for determination of radioactivity in a Philips liquid scintillation counter. Efficiency was monitored by the external standard channel ratio method with '"Ba as the external source of radiation.
Mitochondrial suspensions were frozen and thawed three times, followed by vigorous homogenization before measurement of 'enzymatic activity. Assays were conducted at 300C.
ATP-linked palmityl CoA synthetase activity was measured as described by Pande and Mead (19) using the hydroxamate trapping method of Kornberg and Pricer (20) . Concentrations of substrates in the reaction mixture were 4 mm palmitate and 1.2 mm CoA.
Palmityl CoA-carnitine palmityltransferase activity was determined by measuring the palmityl CoA formed from L-palmityl carnitine and CoA (cf. reference 21). The reaction mixture (cf reference 22) contained, in a final volume of 1 ml: 500 mm hydroxylamine, pH 7.4; 0.6 mM CoA; 5 mm glutathione; 0.6 mm palmityl carnitine; and 75 mM Tris-Cl, pH 7.4. A control lacking CoA was included for each experimental sample. After a 5 min period of thermoequilibration, the reaction was started by addition of enzyme. After 30 min of incubation with shaking, the reaction was terminated by the addition of 2 ml of 6% perchloric acid. The tubes were centrifuged, and the supernatant fluid was decanted. The residue was extracted with 3 ml of reagent A of Hill that had been freshly diluted 1:10 in absolute ethanol (23 The concentration of cytochrome c in muscle was determined by the method of Williams and Thorp (25) . Protein was determined by the biuret method (26) . Homogenates and mitochondria were prepared for protein measurement by the procedure of Cleland and Slater (27 (Table I) . However, when L-carnitine and CoA were both added in what appeared to be optimal concentrations, mitochondrial 02 uptake with palmitate as substrate increased approximately 10-fold (Table I) . A similar response was seen with oleic acid as substrate.
In contrast to the response of the mitochondrial preparation, the rate of palmitate-1-14C oxidation by whole homogenates of muscle increased approximately two-to threefold on addition of either CoA or carnitine alone (Table I) . A possible explanation for this difference in response may be that whole homogenates have higher endogenous levels of these cofactors than does the mitochondrial fraction. Addition of both cofactors together in optimal concentrations resulted in an approximately sevenfold increase in the rate of oxidation of palmitic-1-"4C acid. A similar response was seen when oleic-1-14C acid was used as substrate.
The concentrations of these cofactors that resulted in the highest rates of fatty acid oxidation with palmitic (or oleic) acid as substrate were 0.025 mm for CoA, and above 0.5 mm for L-carnitine (Table I ). Higher con- centrations of CoA had a slight inhibitory effect (Table  I) The mitochondrial fraction of (combined) gastrocnemius and quadriceps muscles from the exercised animals utilized approximately twice as much O2 as that of the sedentary group under conditions of uncontrolled respiration with palmitate as substrate (Table II, Fig. 1 ). This difference in the capacity to oxidize palmitic acid was demonstrable over a wide physiologic range of concentrations (Fig. 1) . As shown in Table II Oxidation of palmitate-1-24C, palmitate-U-14C, oleate-1-"C, and palmityl-l-`4C CoA by whole muscle homogenates. The rate of "CO2 production by whole homogenates of muscle, under conditions of uncontrolled respiration with palmitic-1-2TC acid as substrate, was significantly greater in the exercised than in the sedentary group (Table III) . This difference in the rate of palmitate oxidation by homogenates of muscle from the trained and sedentary animals was demonstrable over a wide physiologic range of palmitate concentrations (0.125-1.5 mM). The capacity of muscle homogenates to oxidize palmitic-U-'4C acid, oleic-1-1'C acid, and palmityl-1-14C
CoA was also examined in a small number of exercised Table III , the running program resulted in a similar approximately twofold, increase in the capacity of gastrocnemius and quadriceps muscles to oxidize these substrates. The similar rates of oxidation of palmitate-1-14C and of palmitate-U-"C provide evidence that once p-oxidation of palmityl CoA was initiated, it went to completion. A TP-dependent palmityl CoA synthetase, carnitine palmityltransferase, and palmityl CoA dehydrogenase activities. The levels of activity of these three enzymes involved in the activation, transport, and catabolism of long-chain fatty acids were measured in the mitochondrial fraction of gastrocnemius and quadriceps muscles. As shown in Table IV , the values obtained for all three enzymes were approximately twice as high in the exercised as in the sedentary group. Enzymatic activity is expressed per gram wet weight of muscle as this seems the most useful reference when relating enzyme content to functional capacity. As mentioned above, the protein content of the mitochondrial fraction was approximately 60% higher in the exercised groups. As a result, the adaptive increase in the levels of activity of these enzymes is largely obscured when activity is expressed per milligram of mitochondrial protein.
The magnitude of the increase in the levels of activity of these enzymes was similar to that of the concentration of cytochrome c, which was used as a marker for the respiratory chain. The concentration of cytochrome c in (combined) gastrocnemius and quadriceps muscles was 18.7 ±0.5 nmoles/g of muscle for 14 runners, compared with 9.4 ±0.5 nmoles/g for 14 sedentary animals (P < 0.001).
DISCUSSION
Earlier reports that palmitate is oxidized more slowly by mitochondria from heart (28, 29) and skeletal muscle (29) than is palmityl carnitine suggested that mitochondrial palmityl CoA synthetase and/or formation of palmityl carnitine might be rate limiting. The results of the present study in which muscle mitochondria oxidized palmitate and palmityl carnitine at approximately the same rate when incubated in the presence of optimal levels of substrate and cofactors, show that this is not the case. The very low rates of palmitate oxidation by muscle mitochondria noted in the previous studies were probably due to the absence of CoA from the incubation media (28, 29) . As reported by Fritz and Yue for heart mitochondria (21) and demonstrated in the present study with skeletal muscle mitochondria, (9) . This rise in enzyme activity appears to be due to an increase in enzyme protein, as evidenced by a doubling of the concentration of cytochrome c, and a 60% increase in the protein content of the mitochondrial fraction of skeletal muscle (9, 10) . A study by Gollnick and King (11) has provided electron microscopic evidence that the adaptation to exercise involves an increase in both the size and number of muscle mitochondria. However, although mitochondria are the site of fatty acid oxidation, it could not be assumed a priori that adaptation to exercise results in an increase in the capacity of muscle to oxidize fatty acids, because muscle mitochondria do not increase as a unit but undergo adaptive changes in composition.
For example, the capacity of muscle to oxidize aglycerophosphate is not increased in physically trained rats (10) . Mitochondrial a-glycerophosphate dehydrogenase, although also a component of the mitochondrial cristae, does not participate in the adaptive increase in the constituents of the respiratory chain that occurs in response to exercise (10) . Thus, because of the increase in mitochondrial protein, a-glycerophosphate dehydrogenase activity is significantly decreased in leg muscles of physically trained rats when expressed per milligram of mitochondrial protein (10) Physically trained individuals derive a much greater percentage of their energy from fatty acid oxidation than do untrained during exercise of the same intensity (1, (6) (7) (8) . The present results, showing that regularly performed endurance exercise results in an adaptive increase in the capacity of muscle to oxidize fatty acids, helps to explain this difference. In addition to its effect on muscle, exercise appears to produce adaptations, which result in a greater rate of release of fatty acids from adipose tissue and higher levels of free fatty acids in blood, in trained than in untrained subjects during exercise (5, 34) . It seems likely that the increase in the capacity of muscle to oxidize fat and the greater mobilization of fatty acids act synergistically to account for the physically trained individual's greater utilization of fat as an energy source during exercise.
Men and animals that have adapted to regularly performed endurance exercise, such as long-distance running, demonstrate a marked increase in their capacity to perform aerobic work (9, (35) (36) (37) . One manifestation of this adaptation is an increase in endurance, measured as an increase in the period of time for which an individual can maintain a given submaximal level of exercise (9, 14, 38) . The shift in the carbon source for the citric acid cycle in skeletal muscle that occurs in response to physical training with increased oxidation of fat and a reduction in carbohydrate utilization (1, (6) (7) (8) , may play an important role in this increase in endurance.
One factor which has been implicated in the develop-ment of the muscle fatigue, which forces an exercising individual performing prolonged exercise to stop or markedly slow his pace, is a depletion of muscle glycogen (39, 40 (39, 40) . Clearly, the glycogen-sparing effect of increased utilization of fat could postpone depletion of muscle glycogen and the fatigue associated with it in the exercising muscle of physically trained individuals.
Another factor which may limit endurance in individuals performing heavy work of several hours duration is hypoglycemia with associated central nervous system symptoms (41, 42) . An increase in the oxidation of fatty acids decreases carbohydrate utilization (43) . This appears to be mediated, in part, by decreased uptake of glucose by muscle (44) . A greater oxidation of fatty acids by skeletal muscle could, through this mechanism, protect physically trained individuals against the development of hypoglycemia during prolonged exercise.
